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Abstract

Social structure influences ecological processes such as dispersal and invasion, and affects
survival and reproductive success. Recent studies have used static snapshots of social networks,
thus neglecting their temporal dynamics, and focused primarily on a limited number of variables
that might be affecting social structure. Here, instead we modelled effects of multiple predictors of
social network dynamics in the spotted hyena, using observational data collected during 20 years
of continuous field research in Kenya. We tested the hypothesis that the current state of the social
network affects its long-term dynamics. We employed stochastic agent-based models that allowed
us to estimate the contribution of multiple factors to network changes. After controlling for
environmental and individual effects, we found that network density and individual centrality
affected network dynamics, but that social bond transitivity consistently had the strongest effects.
Our results emphasise the significance of structural properties of networks in shaping social
dynamics.
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INTRODUCTION

Animals interact socially in a range of contexts such as hunting, detecting predators and
raising offspring. Successive interactions between individuals can be described as
relationships; these may vary with time, and also affect relationships of other individuals
(Hinde 1976). The set of relationships in a group or population comprises its social
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structure, which plays a fundamental role in facilitating the propagation of information
(Fewell 2003) and pathogens (Hamede et al. 2009; Drewe 2010) among individuals. Social
structure also influences key ecological and evolutionary processes, such as the evolution of
cooperation (Fehl et al. 2011), coevolution, dispersal and invasion (Kurvers et al. 2014).
Studies of the consequences of social structure in a range of species have demonstrated its
effects on mate choice (McDonald 2007; Oh & Badyaev 2010), survival (Silk et al. 2010;
Barocas et al. 2011), reproduction (Gilby et al. 2013) and resource exploitation (Atton et al.
2014). Elucidating the processes and factors that determine the structure of animal societies
is therefore essential for understanding cooperation patterns and the consequences of
sociality. Current theoretical explanations as to why two individuals should form a social
bond include preference for kin and patchiness of resources. Importantly, these approaches
overlook the current state of all social bonds in a population at a given time, as a potential
factor determining future patterns of social bonding. This is comparable to attempting to
explain traits of extant species while ignoring any phylogenetic signal (Pienaar et al. 2013).

Sacial relationships are dynamic in their nature, affected both by changes in the
relationships among individuals comprising the network, and by individuals joining or
leaving the population. Most studies of animal social networks have nevertheless taken a
static approach, overlooking the temporal dynamics integral to any social system. This
approach is restrictive for two reasons. First, constructing social networks from observations
performed during a limited time interval may generate a biased picture of the social
structure, one that is not representative of the typical situation. Second, a static approach
does not allow us to understand how or why the network changes over time (Blonder et al.
2012), or to isolate the factors that shape the social structure. For example if two individuals
are associated, and they are both close kin and of high social rank, we cannot tell which of
these factors is behind their social connection. In contrast, a dynamic approach that uses
longitudinal data can solve these problems by tracing the dynamics of social preferences,
thereby facilitating understanding of the social organisation while considering temporal
variation in its structure (Pinter-Wollman et al. 2014; Shizuka et al. 2014). However, only a
handful of studies, often limited in their scope, have begun to explore the dynamics of
animal social networks (Henzi et al. 2009; Blonder & Dornhaus 2011; Kerth et al. 2011;
Holekamp et al. 2012; llany et al. 2013; Bierbach et al. 2014).

The application of social network analysis to behavioural studies (Krause et al. 2007) has
been instrumental in revealing key factors determining social structures. We classify these
factors into three categories. The first category includes environmental and seasonal factors,
such as rainfall, resource availability and competition with other species. Examples include
environmental effects on social structure in equids (Sundaresan et al. 2007) and season-
dependent network structure in Bechstein’s bat (Myotis bechsteinii) colonies (Kerth et al.
2011). The second category encompasses social preferences based on individual traits.
Examples include sex- and age-related associations in bottlenose dolphins (Tursiops spp.)
(Lusseau & Newman 2004), space use in Galapagos sealions, Zalophus wollebaeki (Wolf et
al. 2007), personality differences in three-spined sticklebacks, Gasterosteus aculeatus (Pike
et al. 2008) and the preference for kin in yellow-bellied marmots, Marmota flaviventris
(Wey & Blumstein 2010). The third category has received less attention from biologists, and
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includes social associations that result from the topological structure of the network itself.
Examples of such propensities include the maximum number of relationships individuals
can maintain due to species-specific limitations on cognitive capacity (David-Barrett &
Dunbar 2013), and the tendency to form associations with one’s other associates, also
known as clustering or transitivity, as was found in the rock hyrax, Procavia capensis (llany
et al. 2013). Importantly, the tendency to cluster is detectable in human hunter-gatherer
societies, such as the Hadza (Apicella et al. 2012) and Bushmen (Hage 1976), and also in
online social networks such as Facebook (Lewis et al. 2012). These examples suggest that
the social structure, which is a summary of social relationships, may in turn determine how
these relationships unfold. Nevertheless, the few studies that highlight structural properties
of social networks in non-human animals have not controlled properly for other processes,
such as the tendency to bond with kin.

Hinde (1976) introduced a classic framework to study sociality at three levels, in which
social interactions accumulate into social relationships, which in turn comprise the social
structure. In this study, we test the interdependence between social relationships and social
structure. We formulate and test the topological effects hypothesis of social dynamics. We
propose that social structures are affected by their previous state, limiting the range of
possibilities for temporal dynamics. On the basis of previous studies of network models, and
in particular human social networks (Jackson & Rogers 2007), we predicted that (1) current
topological properties of the social network would predict its future state, (2) the more social
bonds with others two individuals share, the more likely they would be to form a social bond
(also known as clustering or bond transitivity) and (3) individuals would tend to bond with
those individuals that were already central in their social network, as predicted by the
preferential attachment model of network dynamics (Barabési & Albert 1999).

Here, we examine the stability of social bonds and comprehensively test our topological
effects hypothesis with respect to long-term social network dynamics in a wild population of
a mammalian carnivore, the spotted hyena (Crocuta crocuta), using data from 20 years of
continuous field observations. These predators live in large stable groups, called ‘clans’, that
are far more complex than those of other mammalian carnivores, and that are, in fact, more
similar in size and structure to the societies of Old World primates such as baboons or
macaques (Holekamp et al. 2012). The size of hyena clans depends on local prey abundance,
and may vary from only a few individuals to more than 100 (Holekamp et al. 2012). Hyena
clans usually contain several matrilineal kin groups spanning multiple generations, with low
average relatedness among clan members (Van Horn et al. 2004). Wild spotted hyenas live
up to 22 years (Boydston et al. 2005). They can discriminate both maternal and paternal kin
from unrelated hyenas. They compete with their clan mates for access to killed prey, but
high-ranking individuals enjoy priority of access to food (Holekamp et al. 2012). High-
ranking females tend to form stronger social bonds than do low-ranking females (Holekamp
et al. 1997).

Our analytical approach used a stochastic agent-based modelling framework (Snijders et al.
2010), proposed as a solution to two limitations of relational data. First, by definition a
network is a set of relationships among nodes, implying that measures of node properties are
not independent. Second, while networks are usually constructed for specific time intervals,
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the behavioural processes underlying their structure are continuous in time (Lewis et al.
2012). The framework used here, developed originally for the social sciences, models
network dynamics as dependent on the current network state, the traits of its members and
changes in environmental conditions. Thus, we were able to inquire how network traits
affect temporal network dynamics while controlling for environmental factors, and
individual traits. Due to the different life-history trajectories of male and female hyenas, we
tested the effects of the factors listed above on three types of networks: all hyenas, only
females and only males. We tested the effect of several structural parameters, including
network density, transitivity (the tendency to associate with ‘the friend of my friend’, also
known as clustering) and centrality (Table 1). We controlled for two categories of effects
that are known to influence spotted hyena sociality. The first category includes
environmental factors, of which we tested rainfall and the abundance of prey. The second
category includes individual traits. Here, we controlled for the effect of social rank, dispersal
status (natal or immigrant), sex and genetic relatedness.

We found that, after taking into account environmental and individual influences,
topological effects were crucial in shaping social network dynamics. Specifically, the
tendency toward transitivity was essential to explain long-term strong social bonding. In
other words, hyenas were more likely to form bonds with conspecifics with whom they
share other connections.

METHODS

Study population

The analysis used observations of the Talek clan, conducted daily since 1988, in the Masai
Mara National Reserve, Kenya. The Talek clan occupies a group territory of roughly 70
km2. To control for the effects of individual traits, we used data collected along with
behavioural observations. Hyenas are individually recognised by their unique spots, and sex
is determined by the morphology of the erect phallus. The position of an individual in a
matrix ordered by submissive behaviour displayed during agonistic encounters determines
its social rank (Holekamp et al. 2012); rank was then standardised for every year to account
for variation in clan size. During the 20 years included in our analyses, clan size ranged
from 43 to 91, with a mean size of 56 hyenas, but clan size did not affect the network
structure (see Supporting Information). Hyenas were assigned a dispersal status, such that
males that migrated to the focal clan were considered immigrants, whereas hyenas born in
the clan were considered natal. Dyadic relatedness values were assessed using autosomal
microsatellites, as described in (Van Horn et al. 2004). To control for effects of
environmental variables, we used data from biweekly counts of available prey, as detailed in
(Cooper et al. 1999); counts were averaged within years. In addition, we measured rainfall
daily, and these values were also averaged within years, eliminating seasonal effects.

Social networks

We could identify all hyenas belonging to the clan. We did not include transient individuals
(e.g., visiting the Talek territory to hunt for a day) as clan members. We also excluded
individuals from each year of observation who were either born in December or died in
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January of that year. Hyenas were included in the analysis only if they were observed at
least 20 times in at least 1 year, and were considered absent in a given year if observed < 20
times during that year. The fraction of hyenas included in the analysis out of all clan
members was 0.85 £ 0.02 (mean = SE over the 20 years). Hyenas that were included were
observed an average + SE of 94.4 + 4.3 times per year. Cubs, defined as young hyenas that
were still residing at dens (Holekamp et al. 2012), were not included. Observations at dens
were also excluded to eliminate bias towards lactating females. Hyenas were assigned to a
single observation session if they were found together, separated from other hyenas by at
least 200 m, but usually at least 1 km (Smith et al. 2008). As done previously (Holekamp et
al. 2012), from these observations we calculated the twiceweight association index (Cairns
& Schwager 1987), describing the strength of the relationship within each pair of hyenas
during each year: (A+Biogether) / [(Awithout B) + (Bwithout A) + (A+Biogether)] where (A
+Biogether) IS the number of observation sessions in which A and B are present together,
(Awithout B) is the number of sessions in which A was present without B, and (Byithout A) 1S
the number of sessions in which B was present without A. We defined strong associations as
those where the association index was in the upper quartile, which for both decades were
values above 0.065 (see Supporting Information for further details, including an analysis of
triadic closure in weighted networks).

Stochastic agent-based models

Stochastic agent-based models can simultaneously integrate a number of different
mechanisms mediating change in social networks over time (Snijders et al. 2010; Ripley et
al. 2014). Empirical data for these models must include two or more observations of a social
network on a given set of individuals, assuming that relations between individuals represent
longterm bonds and not events. These models accommodate cases where individuals join or
leave the network (e.g. due to birth, death or dispersal). We used undirected networks based
on spatial proximity in the fission—fusion societies of spotted hyenas, where individuals
change subgroups several times each day (Smith et al. 2008). Here network ties are binary,
representing the presence or absence of a social bond, after filtering out weak bonds (see
above). In our model of hyena social network dynamics we included various effects
suggesting possible reasons why two hyenas might form and maintain a strong social
relationship (Table 1). Details on the assumptions of our models, estimation and validation
procedures, can be found in the Supporting Information.

RESULTS

High-quality data were available from a single large hyena clan for two decades, 1989-1998
and 2002-2011, referred to hereafter as decade 1 and decade 2, respectively. Data from
1999-2001 were omitted due to a period of social instability, during which the clan
eventually split into two new clans. This rare split event was omitted so we could study
network dynamics during stable periods. We used 55,689 observation sessions to construct a
weighted social network representing associations between individuals during each year (see
Methods). The two decades included 186 and 194 hyenas, respectively. Descriptive statistics
documenting variation in hyena social networks, and demographic and ecological factors,
are provided in Table 2.
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Comparing the strength of association within the same pairs of hyenas over consecutive
years revealed a slight negative trend in both decades (Fig. 1; mean change and SE in
association index across consecutive years: decade 1: —0.0089 + 0.0012; decade 2: —0.0012
+ 0.0003), indicating that, on average, the strength of relationships within dyads weakens
slightly over time. Investigating the change in association strength revealed that male-male
associations were slightly less stable than female—female associations (mean change and SE
in association index across consecutive years: decade 1 males: —0.0096 + 0.0009; decade 1
females: —0.0092 + 0.0006; decade 2 males: —0.0015 + 0.0009; decade 2 females: —0.0001 +
0.0006).

We then investigated the causal factors generating year-toyear variation in the social
network (Movie S1). For this analysis we used binary networks in which we retained only
strong social bonds (see Methods). Fig. 2 presents parameter estimates and 95% confidence
intervals for two models of hyena network dynamics estimated over 20 years, in two
separate decades. Although effects of some predictor variables were significant in only one
of the two decades studied, in no case did the direction of any effect change between
decades from positive to negative or vice versa. Density, which is the current number of
social bonds in the network, had a strongly negative influence on social bond dynamics,
confirming that hyenas do not form bonds with every other hyena; instead they are selective
in their social choices. Triadic closure (transitivity) had a positive influence; sharing a
contact in common increased the log-odds of two hyenas bonding or retaining their bond by
0.14, on average. Additional shared contacts multiplied this effect. To verify that triadic
closure was not merely a by-product of the data collection method (using the ‘gambit of the
group’), we performed an additional analysis in which only two individuals were randomly
chosen from each observed group. This showed a similar trend (Tables S4 and S5). Hyenas
tended to associate with central individuals in the network (high degree of alter), and degree
assortativity was slightly negative, suggesting preferential attachment. These topological
effects were evaluated while controlling for other factors that influenced network dynamics.
Relatedness had a positive influence on social bonding, such that hyenas formed more ties
with their kin than with non-kin. Females had a higher probability than males of forming
associations, as did hyenas of lower social rank (by convention, the highest rank individual
is assigned a rank of 1, etc). Prey abundance, rainfall, social rank assortativity, dispersal
status and distance two (i.e. forming an unclosed triad) affected social dynamics only in one
of the two decades. Importantly, models that did not include triadic closure could not
reproduce the observed social dynamics and did not provide acceptable goodness-of-fit.

Because male and female hyenas differ with respect to their life history traits, we next
examined subsets of the data that included only members of one sex (Fig. 3 and Tables S2—
S3; 82 females and 104 males in decade 1; 91 females and 103 males in Decade 2). A
smaller number of factors determined social dynamics in each sex than in the full network
model. Parameter estimates for the male networks were more consistent across decades than
those for females. In the female networks only triadic closure (positive) and density
(negative) showed similar trends in both decades. In contrast, five different parameters were
consistent across decades in influencing male social bonding. As was the case for females,
two males had a higher chance of associating if they shared one or more associates. They
also avoided unclosed triads (‘distance two’ effect). Immigrant males were likelier to form
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social ties than were natal males, and males preferred to associate with others of the same
dispersal status as their own. Rainfall had a negative influence on social dynamics, where
drier years caused denser networks. Among males, two additional factors showed similar
patterns in the two studied decades, but in decade 1 were not significant: males tended to
form ties with their kin, and density had a negative influence, as was observed in the full and
female networks.

DISCUSSION

This study shows how multiple factors affect long-term social network dynamics in the
spotted hyena. Remarkably, the results from the two different decades we modelled (1989—
1998 and 2002-2011) show similar social trends, with not even a single effect contradicting
the result from the previous decade. Importantly, our new methods yield results that are
strongly consistent with previous results from the same study system obtained using more
traditional methods (Holekamp et al. 1997, 2012; Smale et al. 1997; Cooper et al. 1999;
Szykman et al. 2001; Wahaj et al. 2004; Smith et al. 2008). In fact, no conflicts at all were
detected between our modelling results and earlier findings from this study system. This
implies that stochastic agent-based models such as Siena can potentially be useful for
modelling how multiple factors of various types affect social dynamics in other species as
well. These models should also facilitate the study of processes occurring within networks,
such as disease and cultural transmission (Snijders et al. 2010). They can also potentially be
used to study how individual traits, such as reproductive success, and relational traits such as
social rank, are temporally affected by network dynamics, opening many new avenues of
research.

The factors found to influence hyena social dynamics include rainfall, prey availability, sex,
social rank, dispersal status and topological effects such as network density and preferences
based on the centrality of individual hyenas in their social networks. Importantly, our
analysis identifies the tendency towards triadic closure (transitivity) in all modelled
networks and in both decades. In other words, hyenas tend to associate with the “friends of
their friends’. This tendency was found to be consistent over time, and models that did not
include this effect could not explain the observed dynamics. Thus, the current structure of
the social network strongly affects its future state. The most consistent topological effect,
triadic closure, results in clustering of the network or the formation of cohesive groups that
may facilitate efficient cooperation leading to fitness maximisation (Lion & van Baalen
2008). Interestingly, network clustering is also a feature of human hunter-gatherer societies
(Hage 1976; Apicella et al. 2012) and contemporary humans using Facebook (Lewis et al.
2012), suggesting structural similarity between humans and hyenas in that respect.
Importantly, our dynamic approach permits the identification of triadic closure, which would
be impossible using static networks. Whereas in static network bonds in closed triads might
result merely from spatial proximity among members of the triad, a dynamic approach can
test whether two individuals sharing a mutual bond would be likely to form a direct new
bond between them.

Theory suggests that social structure can play an important role in the evolution of
cooperation, with clusters of cooperators required to maintain cooperation (Nowak 2006).
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Our results demonstrate the strong tendency for spotted hyenas to form clusters; this
tendency is present even after controlling for relatedness and other factors. Hence the
tendency to cluster may not be just a by-product of kin selection or patchy distribution of
resources, but instead may itself be adaptive, thus potentially facilitating cooperation among
both kin and non-kin. Whereas our results are consistent with the notion that hyenas prefer
to associate with their kin (e.g. Holekamp et al. 1997, 2012), they also demonstrate how
multiple other factors, including bonds with third parties, influence social dynamics at the
dyadic level.

Our prediction that hyenas should tend to bond with central individuals in their social
network was supported by the data from the full network; in both decades hyenas were more
likely to form strong social bonds with group-mates that were more central in the network.
However, examining degree centrality in the sex-specific networks shows a more complex
pattern. In females, this effect was positive in decade 2, but not part of the selected model in
decade 1. In males, this effect was negative in decade 1 and not part of the selected model in
decade 2. This suggests that males do not prefer to bond with other central males, and even
in the female—female networks this tendency was limited to only one decade. It follows that
the significant tendency to connect to central individuals in the networks including both
sexes is probably a result of such preference in male—female bonds, but less so in same-sex
bonds. Our analysis does not take into account the type of observed social associations, but
it is possible that males follow central females because they prefer them as mates, as shown
previously (Szykman et al. 2001).

We found that males were more consistent across decades than females with respect to the
factors determining their social affiliations. Because adult males disperse, leaving their natal
clans and later joining new ones, their social tendencies may be more generic, facilitating
social integration in a range of social circumstances. In contrast, females usually spend their
entire lives in one clan, and thus may be more responsive to variation in their local physical
and social environments. Whereas social dynamics among male and female hyenas are
influenced by different sets of factors, both sexes in both studied decades were influenced by
the tendency toward triadic closure, and avoidance of the distance-two structure. This
further supports the inherent affinity for clustering as a defining rule of social structure.
Although female hyenas attain their social ranks from their mothers (Holekamp & Smale
1991) and retain their ranks throughout their lives (Holekamp et al. 2012), when male
hyenas disperse and join new clans they suffer an inevitable decrease in social rank (Smale
et al. 1997). Our finding that immigrant males form more strong social bonds than natal
males, and tend to associate with other immigrants, suggests that these bonds might
compensate for the disadvantages of their low rank.

Whereas our results highlight the importance of topological effects of network structure,
they also support many of the previous findings regarding social preferences in spotted
hyenas (Holekamp et al. 2012). We found that females were more strongly connected than
males. Because females’ social ranks are higher than those of immigrant males, females
have priority of access to kills, allowing them to stay in prey-rich areas of the clan territory.
In contrast, male hyenas often need to travel to more remote areas to feed, where
competition with clan members is reduced, leading to their lower levels of connectedness.
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Nevertheless, we found that, after controlling for sex, relatedness, and degree centrality,
lower ranked individuals in the full model tended to form more social ties than higher
ranked ones, possibly as a means to offset the negative impact of their rank. In the females-
only networks we found an opposite trend, in which higher-ranked females formed more ties
than lower-ranked females, suggesting that the result in the full networks may be attributed
to ties between low-ranked females and low-ranked males. This result reaffirms earlier
findings (Holekamp et al. 1997), which showed that high-ranked female hyenas form
stronger social associations than low-ranked ones. Our data also revealed that rainfall
negatively affects the social network density. As rain causes prey to scatter, wetter years
feature lower density networks among hyenas. Indeed, analysis of change in hyena networks
between seasons within years reveals that periods with more prey indeed cause denser hyena
networks (Holekamp et al. 2012).

Our data reveal that hyenas tend to maintain the strength of social ties across years,
suggesting that the initial association strength is important in determining the nature of a
relationship. Similarly, in a study of the social structure of wintering migrant sparrows,
Shizuka et al. (2014) found only minor temporal changes in the strength of social ties among
individuals. Interestingly, bond stability in hyenas is maintained despite environmental
changes and demographic fluctuations, such as the birth, death or dispersal of individuals,
changes in overall clan size and changes in the sex ratio (Hinde 1976). Furthermore, in most
hyena networks the density effect was negative, suggesting that there is no tendency to
associate with every member of the clan. Strong social relationships are formed in response
to a range of factors, but in a selective manner, as has also been shown in primates (e.g.
Mitani 2009). We note, however, that our definition of social bonds limits the number of
possible edges in the network and this limitation was also essential to achieve model
convergence. Thus, whereas the negative density effect in our results shows trends similar to
those found in analyses of other social networks, care should be taken in their interpretation.
Nevertheless, taken together with the results of Shizuka et al. (2014), it appears that
individual animals tend to maintain existing social ties but also respond to a range of
variables by altering their relationships.

Our study includes a number of limitations. First, our data come from one large clan of
spotted hyenas in southwestern Kenya. The generalisability of the social preferences seen
here to other populations remains to be determined. Second, our modelling approach uses
binary networks, reducing the subtle levels of social association, and ignoring weak ties,
while focusing on numbers of strong bonds rather than strictly on variation in bond strength.
Nevertheless, it revealed the factors affecting social dynamics among strongly bonded
individuals. Furthermore, our results confirm previous results from the same population
where the strength of associations was taken into account, reaffirming our method of
defining the binary networks (see Supporting Information). Future development of the
methodology may allow us to consider temporal changes in the strength of associations
rather than merely their number.

The current results demonstrate the value of network analysis in incorporating population
structure into social decision-making, where individuals take into account not only the traits
and social roles of their focal partners, but also third parties and their social relationships.
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We provide strong evidence regarding how the social structure that is a summary of social
relationships between individuals (Hinde 1976) also affects the dynamics of these
relationships (Fig. 4). Furthermore, this study expands the number of variables known to
affect long-term social associations. We demonstrate that, although the social network
structure is highly variable across time, consistent rules can be inferred that determine
network dynamics over long periods, as has been shown in humans (Lewis et al. 2012). We
show that the most consistent rules are topological effects that impose limitations on
network dynamics, but also create opportunities for novel interactions. Thus, the previous
state of the social network can be seen as being analogous to its ‘phylogenetic signal’; the
history of the network affects its temporal dynamics, and may be stronger than the effects of
environmental or individual variables. The methods we used can be extended to assess the
implications of social structure for individual traits and reproductive success, and as such
should be valuable for biologists interested in the causes and consequences of social
dynamics. Our results suggest that we should strive for a dynamic approach to better
understand social structure. They also call for theoretical and empirical studies of the
advantages of specific social tendencies, to better understand the evolutionary origins of the
observed effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The distribution of changes in association index strength (see Methods for definition) across

consecutive years, in decades 1 (a) and 2 (b). Only cases where both hyenas were present in
two consecutive years were included.
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Figure2.
Parameter estimates and 95% confidence intervals for stochastic agent-based models of

social network dynamics in a large spotted hyena group over two decades. Empty and filled
points represent decade 1 (1989-1998) and decade 2 (2002-2011), respectively. Coefficients
represent the change in log-odds of the probability of forming a strong social bond
depending on a given factor (e.g. there is a higher probability of forming a bond if it will
close a triad in the network or if it will connect genetically related individuals). Parameter
estimates are presented only if the parameter was part of the best model for a given decade.
See Table 1 for parameter details and Table S1 for full model results.
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social network dynamics of females (a) and males (b) in a spotted hyena clan over two
decades. Empty and filled points represent decade 1 (1989-1998) and decade 2 (2002—
2011), respectively. Coefficients represent the change in log-odds of the probability of a

strong social bond depending on a given factor (e.g. there is higher probability of forming a

bond if it will close a triad in the network or if it will connect genetically related
individuals). Parameter estimates are presented only if the parameter was part of the best
model for a given decade. In the female networks, relatedness was not part of the selected

models. In the male networks, social rank and social rank assortativity were not part of the

selected models. See Tables S2 and S3 for full model results.
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Social interactions

Social relationships

Social structure

Figure4.
A modification of Hinde’s (1976) classic framework of social structure. Our data show how

the social structure that is the summary of social relationships in turn affects the temporal
dynamics of these relationships (black arrow). These topological effects limit the influence
of environmental variables and individual traits.
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Table 1

Description of effects used in the stochastic agent-based models

Category

Effect

Description

Network topology

Individual and
dyadic traits

Ecology

Density

Distance two

Triadic closure

(transitivity; clustering)

Degree of alter

Degree assortativity

Isolate

Sex

Social rank

Dispersal status

Sex, social rank and
dispersal status
assortativity

Relatedness
Rainfall

Prey abundance

The baseline tendency to form a random social tie.

The tendency to form an unclosed triad, i.e. a structure where A is connected to both B and
C, but B and C are not connected. A positive value indicates individuals avoid forming
cohesive clusters.

The tendency to form a tie with another individual with whom one shares a tie. For
example if A is connected to both B and C, and then B and C also form a tie. A positive
value implies a tendency to form cohesive clusters.

The tendency to form a tie with an individual depending on its degree of centrality within
the network. A positive value indicates preferential attachment, where more central
individuals become even more connected.

The tendency to form a tie with individuals of similar degree.

The tendency to be isolated and unconnected to any other individual. Note that in our case,
a positive value does not mean a tendency to be solitary, but rather that there is a tendency
not to form any strong social bonds.

The tendency to prefer ties with one sex or the other.

The tendency to form a tie with another individual based on its social rank (see Study
population section for details on rank assignment).

The tendency to form ties with individuals that were either natal or immigrants.
Immigrants joined the clan as adults, after dispersing from other clans.

These effects indicate whether there is a tendency to form ties with individual similar in
these traits to the focal individual. For example a negative social rank assortativity value
suggests that highly ranked hyenas form ties with lower ranked ones.

The tendency to form ties with genetically related individuals.
The tendency to connect to more individuals as average daily rainfall increases.

The tendency to connect to more individuals as the average number of prey animals
increases per prey census (counted in bi-weekly runs of multiple 4-km transects within the
territory of the Talek clan).
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